Photon statistics from coupled quantum dots 
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We present an optical study of closely-spaced self-assembled InAs/GaAs quantum dots. The 
energy spectrum and correlations between photons subsequently emitted from a single pair provide 
not only clear evidence of coupling between the quantum dots but also insight into the coupling 
mechanism. Our results are in agreement with recent theories predicting that tunneling is largely 
suppressed between nonidentical quantum dots and that the interaction is instead dominated by 
dipole-dipole coupling and phonon-assisted energy transfer processes. 
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Semiconductor quantum dots (QDs) are nanostruc- 
tures that confine electrons and/or holes in all three 
dimensions. Excitons or single electron spins in QDs are 
promising candidates for the storage and manipulation 
of both classical and quantum bits 0. Of particular 
interest for applications are semiconductor QDs in 
which excitons couple to photons. They display discrete 
energy levels 0, photon anti-bunching jjl, and Rabi 
oscillations 0. The coupling of two QDs has been 
proposed as a means to generate entangledphotons and 
to realize quantum bit gate operations [Sl, |a| . The quest 
for qubit operations in solid-state has triggered several 
studies of the couphng processes in QD ensembles 
and individual QD pairs 0, 0, 0, 0|. Theoretical 
investigations predict that coupling between QDs can 
be caused by electron and/or hole tunneli ng W ll^ o r 
by dipole-dipole interaction of excitons 0, Il3l Il4i lisf. 
Initial experiments reported large energy splittings up 
to 50 meV, attributed to tunnel coupling in identical 
QDs 0- It is now understood that the dominant effect 
is the different size/strain situation of the individual 
QDs and that these splittings cannot be attributed to 
quantum mechanical coupling . Refined theories that 
take into account the broken symmetry of nonidentical 
QDs predict repulsive forces between holes located 
on different dots, effectively preventing tunneling of 
excitons j^. We present spectroscopic and photon- 
correlation measurements obtained from individual 
self-assembled InAs/GaAs QD pairs that demonstrate 
coupling between adjacent QDs and provide insight into 
the coupling mechanism and energy transfer between 
the QDs. 

We chose to study QD pairs with a small vertical 
separation of 45 A, where the coupling is expected 
to be pronounced. The InAs QDs were grown by 
molecular beam epitaxy on a (100) GaAs substrate 
via the Stranski-Krastanow growth mode. Strain fields 
above each QD form nucleation centers for QDs in a 
second layer, leading to vertical QD stacking. The s-shell 
transitions of the QD layers are carefully tuned to nearly 
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FIG. 1: (a) PL spectrum of a single layer of InAs/GaAs QDs. 
Interference filters were used to select two emission lines from 
two QDs, with lateral separation of 2 /im. (b) Photon auto- 
correlation for each line showing anti-bunching, (/'^'(O) = 0.31 
and 0.12 for QDl and QD2, respectively, (c) Corresponding 
cross-correlation showing (/'^'(t) — 1 for all times, indicating 
that the lateral QDs are uncoupled. 



identical energies during the crystal growth 0, Il8| . 
Micro-photoluminescence (PL) spectra were recorded 
using a 1.25 m spectrometer equipped with a charge 
coupled device. The QDs were non-resonantly excited at 
780 nm. A solid immersion lens on the sample surface 
was used to improve the photon collection efhciency. 

The experimental scheme is introduced by first 
describing measurements on a single layer of uncoupled 
InAs QDs 19]. The PL spectrum in Fig. la shows 
the emission of a few QDs at T = 4 K. The two main 
emission peaks correspond to the single exciton recom- 
bination of two individual QDs laterally separated by 
~2 /im. To determine whether or not these two QDs are 
coupled the correlations between photons emitted from 
the QDs have been measured. The photons pass through 
a fiber beamsplitter and 1 nm frequency filters in the two 
output modes (k and I) before reaching single photon 
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FIG. 2: (a) Schematic of the sample (top): two layers of 
InAs/GaAs QDs are vertically stacked with a separation of 
45 A. Schematic band diagram (bottom) of the conduction 
band (CB) and valence band (VB) for two stacked QDs with 
different transition frequencies ujI and aj2. The pump laser, 
with energy ftojcxc, generates carriers in the GaAs matrix, that 
relax into the wetting layers and from there into the QDs. (b) 
Typical power dependent PL spectra from an individual QD 
pair showing five dominant emission lines, labeled X1-X5. 



detectors. Measuring the difFerence in arrival time 
between photons at each of the two detectors provides 
a measurement of the second-order correlation function 
5lf(r) = {hmit + r))/{hit)){m), where {h{t)) is 
the expectation value of the intensity at time t. The 
auto-correlation function from a single QD is measured if 
both filters are tuned to the frequency of QDl (or QD2). 
A single QD 3J, just like a single atom, displays photon 
anti-bunching at t = (Fig. lb). For two identical 

(2) 

but independent two-level emitters 5j,^;(0) = 0.5. If 
the two emitters are non-identical, as is the situation 
here, a post-selection of the modes k and I can be made 
using different filters to measure a cross-correlation 
function. In this case of uncoupled QDs, emission of a 
photon from QDl at r = does not influence a photon 
emission event from QD2. Therefore, the corresponding 

(2) 

cross-correlation function yields gj^J^^ (r) = 1 at all delay 
times as confirmed by the measurement shown in Fig. 
Ic. Coupling of two QDs would be characterized by 
measuring a deviation from 1 around t = for g^^iij). 

As an initial characterization, pump-power dependent 
spectra were taken for 20 individual pairs, all showing 
similar properties. A schematic of the stacked QDs and 
corresponding band diagram is given in Fig. 2a. Under 
non-resonant laser excitation carriers are generated in 
the GaAs matrix which relax into the wetting layers 
and from there into the QDs. Subsequent radiative 
recombination leads to five dominant emission lines in 
the power dependent spectra labeled by Xl-X^ (Fig. 
2b). At low pump powers there are two dominant peaks 
XI and X2 split by energy Ai?o that varies from 0.5 
to 5.0 meV for different QD pairs. As the pump power 



is increased, the peak intensities increase linearly as 
expected for single exciton recombination. The spectral 
lines X3, XA and X5 emerge with quadratic power de- 
pendence indicative of biexcitons, while the XI intensity 
diminishes. The statistics on 20 individual QD-pairs 
with a separation of 45 A demonstrates that the upper 
limit for the coupling energy A£^o is quite small, i.e. 
< 2.6 meV on average. These small splitting energies are 
consistent with very recent experiments using magnetic 
jlol | and electrical field tuning, revealing anticrossing 
energies of 1-2 meV. Since both coupling mechanisms, 
electronic tunneling and dipole-dipole interaction [l5| . 
will cause an energy splitting as a function of detuning, 
it is not clear from such "anticrossing experiments" 
which mechanism will dominate the coupling. 

To get insight into the coupling mechanism, we stud- 
ied the temperature dependence of the peak intensities 
of XI and X2 transition (Fig. 3). With increasing 
temperature, the XI intensity decreases while the X2 
intensity increases in such a way that the combined 
intensity remains constant. In addition, the measured 
lifetimes at 4K of the XI and X2 states determined 
from auto-correlation measurements are 1.0 ns and 2.5 
ns, respectively. Both observations are indicative for a 
directional energy transfer from QDl to QD2 0, ll^ . 
This directionality excludes a direct coupling between 
the two levels. Coupling via the continuous wetting 
layer states that are >100 meV away cannot reproduce 
the observed strong temperature dependence. Instead, 
a model that couples the XI and X2 states through a 
third level, that is ~10 meV higher in energy than XI, 
can be fitted to the data (solid line in Fig. 3). The 
model takes into account the decay rate of the QDs and 
uses temperature dependent absorption and emission 
rates for acoustic phonons in thermal equilibrium to 
couple the levels. Self-assembled QDs are associated 
with extended wetting layer states that lead to a 
quasi-continuous absorption background. Depending on 
the QD confinement potential those extended states can 
approach the s-shell transition energies [lOl- Evidence 
that these states are indeed important in our InAs QDs 
have been recently reported |2l|. Therefore, absorption 
of thermal energy (acoustic phonons) can bring the 
exciton from QDl into resonance with an extended state 
of QD2 From there, the excitation will quickly 

relax into the s-shell leading to emission of the X2 line 
and thus to a directional energy transfer. 

To unambiguously demonstrate that two QDs are 
coupled the photon correlations between each spectral 
line were studied. Auto-correlation measurements on 
individual spectral lines {X\-Xb) all show strong anti- 
bunching as expected. The main experimental results 
have been obtained by cross-correlation measurements 
between the X1-X2, X1-X5 and ^2-^5 lines, shown 
in Figs. 4a-c. Each cross-correlation deviates strongly 
from g'^'(O) = 1.0, directly proving that the two QDs 
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FIG. 3; PL for a pump power of 1.8 nW, of the XI and X2 
transitions versus temperature for a QD pair with AEo = 1.3 
meV. As the temperature is increased, the intensity from the 
energeticaUy higher line, XI, is transferred to the X2 hne. 



form a coupled system. Below a model is proposed that 
provides an explanation for the observed correlations 
and spectral signatures. 

We identify the X1{X2) line as emission from the 
state with one exciton localized on QD1(QD2). Note 
that this does include the possibility that only the hole 
stays localized and the electron wavefunction is spread 
over the double dot structure 16]. The notation of 
10) and |01) is introduced for these states, where the 
two indices denote the number of excitons present in 
each QD. The states X3 and XA emerge with quadratic 
power dependence at energies '--^3 meV less than |10) 
and jOl), respectively. As this is the typical Coulomb 
binding energy for biexcitons in single InAs/GaAs QDs, 
these states are labeled |20) and |02). In support of this 
assignment, measurements (not shown) of g^^^^^ |io)('^) 
and 5|o2) |oi) (''') exhibit the strong cascaded emission 
expected for biexciton to exciton states Finally, a 

new biexciton line X5 emerges in the spectra at lowest 
photon energy. We assign this to the |11) state with two 
excitons, one localized on each QD. This state occurs 
at lowest energy due to an attractive interdot Coulomb 
interaction which can be larger than the binding energy 
of the |02) and |20) intradot biexciton states. 

To model the measured photon correlations a four- 
level rate equation is used that includes a ground state 
|00), two single exciton states |10) and |01), and an 
inter-dot biexciton state |11). The decay rate of the 
single exciton transitions Tx is assumed to be equal for 
both dots, and directional energy transfer from |10) to 
1 01) with a rate Wt is included. The pump, included via 
the rate Wp, induces transitions from the ground state 
into the |10) or |01) states and from there into the |11) 
biexciton state. The rate equations for the system are: 
dfi/dt = M • n, where the matrix M is: 
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The column vector n ((»t.|oo) j ?^|oi) i '^|io> i '^|ii>)) corre- 
sponds to the expectation value to be in a particular state 
at time t. Coherences induced through the pump field are 
neglected as the pump field is far off resonance. The cor- 
responding correlation functions for the parameters Tx 
— 2 ns, Wp — 0.75 ns~^ and Wt = 5.25 ns~^ are shown 
in Fig. 4g-i and qualitatively agree with the experimen- 
tal measurements. In addition, the value for the energy 
transfer rate is in good agreement with recent calcula- 
tions assuming a phonon-assisted Coulomb transfer for 
two nonidentical QDs with 4-5 nm vertical separation, 2- 
3 meV energy separation and a lattice temperature of 4K 
[l^. The cross-correlation results are interpreted as fol- 
lows: emission of the XI or X2 line projects the system 
from the |01) or |10) to the ground state at r = 0. The 
ATI to A"2 cross-correlation in Fig. 4a is th en g iven by the 
repopulation of the |01) or |10) state [l^|23| and shows 
anti-bunching. The cross-correlations in Figs. 4b and 4c 
involve the X5 emission from the |11) interdot biexciton 
state into the |01) state. After spectral post-selection 
of the X5 emission the system is never in the |10) state 
and the XI/X5 (|10)/|11)) cross-correlation (Fig. 4b) 
shows pronounced anti-bunching. Conversely, cascaded 
emission is observed for the X2/X5 (|01)/|11)) cross- 
correlation in Fig. 4c, similar to the quantum cascade of 
a biexciton to single exciton in single QDs j23| ■ Note that 
the model predicts in addition a transition from the |11) 
to the 1 10) state, however, positive identification of this 
transition was hindered by the lack of intensity required 
for the cross-correlation measurement. While this model 
qualitatively explains the experimental results, it does 
not provide an explanation for the long recovery times of 
~6 ns in Figs. 4a and 4c. A possible explanation is the 
presence of additional meta-stable states. These can be 
charged or dark excitons or can be formed via tunneling 
of the electron only, which is not distinguishable in the 
current experiment. 

We have studied the coupling between two closely 
spaced self-assembled QDs with carefully tuned s-shell 
transitions to nearly identical energies. The results sup- 
port the prediction that exciton interdot tunneling is 
largely suppressed due to the broken symmetry of non- 
identical QDs and that the QD coupling is instead 
dominated by dipole-dipole interactions |1J]. In par- 
ticular, we found a direct Coulomb interaction between 
the permanent excitonic dipole moments (interdot biexci- 
ton), and a directional energy transfer between the QDs, 
even at their smallest vertical separation of 45 A. 

We acknowledge S. Anders, A. Imamoglu, R. Liu, L. 
Sham, J. Urayama, S. Yaida, and P. ZoUer for fruit- 
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FIG. 4; Measured cross-correlation functions between the X2-X1, X1-X5 and X2-X5 lines (a-c) compared to the calculated 
functions between the |01) and |10), |10) and and |01) and states (g-i). All measurements show strong deviations 

from the uncoupled case (?'^'(t) = 1 (see Fig. Ic), with minimum values at zero delay time of 0.16 (a), 0.32 (b) and 0.25 (c). 
Figs, d-f show a level scheme of the states as used in the model, where |00) corresponds to the ground state, jOl) and |10) to 
the single exciton states and to the interdot biexciton state. The calculated correlation functions (dots) were convolved 
with a Gaussian curve that reflects the ~700 ps time resolution of the experimental system (lines). 
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